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Introduction
The reactions between dienes and zerovalentiron species have been studied for almost seventy years. Most interest has centered on the behaviour of 1,3-dienes and on carbonyl-stabilized com pounds [1 ] and much less attention has been given to derivatives involving either non-conjugated di enes or P-donor ligands. Our interest in this topic stems from the observation that (/73 -C3 H 5 )2 FeL2-species react with 1,3-dienes with reductive cou pling of the allyl groups followed by diene exchange (e.g. eq. ( 1 )), whereby the nature o f the final prod uct o f the reaction depends upon the type of the do nor ligand bonded to the metal atom [2 ] .
(ti3-C3H5)2Fe<PMe3)2 --------Fe -PMe,
-/PMe, ( |Ŵ e have now extended these studies to the reac tion between zerovalent Fe(Pr'2 P (C H 2 )"PPr'2)-species (generated in situ by reacting the corre sponding dichloride with active-Mg [3] ) and acyclic and cyclic 1,3-, 1,4-and 1,5-dienes.
Before presenting our results, it is useful to classify the known carbonyl-free diene-iron com pounds. Most common are compounds of the type (?74 -l,3 -diene)FeL3 [1] ; considerably less common * Reprint requests to Prof. Dr. P. W. Jolly.
are the (^4 -l,3-diene)2FeL species, while only one example o f an (?74 -l,3 -diene)FeL2 compound has been reported. Compounds containing acyclic, non-conjugated dienes apparently have not been prepared previously.
The (>74 -l,3 -diene)2FeL compounds have been prepared by several methods including the reduc tion of an iron(II)-salt in the presence of the diene and a ligand [2, 4 -6 ] , the reaction o f vapourized iron with the diene and ligand [7] , the reaction of (r,4-l,3-C4 H 6 )F e (P R 3 ) 3 [4] or (^-C 6 H 6 )F e(P M e3 ) 2 [8 ] with further diene, the reaction of (j;3 -C3 H 5 ) 2 F eL2 with the diene [2] or the reductive coupling o f the organic groups in (pentadienyl)2-FePR 3 species [9] , The only example of an (^4 -l,3-diene) FeL2 species, (?74 -2 ,3 -dimethyl-l,3 -butadiene)Fe(Pr'2 PC 3 H 6 PPr'2), has been reported in a doctoral thesis as the product of the reaction be tween the diene and a related (r/2 -CH2 :C H 2 )2 Fespecies [1 0 ].
Results and Discussion

Reactions o f 1,3-dienes
The products of the reaction of excess 1,3-butadiene with the intermediate zerovalent [Fe( Pr'2 P (C H 2 )"PP r'2)]-species (n = 1-3; Pr'2 PC H 2 PPr'2 = dippm, Pr'2 PC2 H 4 PPr'2 = dippe, Pr'2 PC3 H 6 PPr' 2 = dippp) are ligand dependent. Whereas the compounds containing dippm and dippp react to give (?74 -l,3 -C4 H 6 )2 Fe-compounds ( 1 ), that containing dippe leads to the formation
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of the (?/5 -l-ethylcyclohexadienyl)iron-hydride (2) (Scheme 1).
Fe(Pr'2P(C H 2)nP P r'2)C lj + 2 + M g '
has been prepared previously by reacting (C H 2; C H 2 ) 2 Fe(Pr'2 PC2 H 4 PPr'2) with 1,3-cyclohexadiene [1 0 ] or by reacting (r/3 -C3 H 5 ) 2 Fe(Pr'2 PC2 H 4 PPr'2) with either 1,3-butadiene or 4-vinyl-l-cyclohexene [2] . If the reac tion involving the dippe-stabilized intermediate is carried out in the presence of an equimolar am ount o f butadiene ([F e ]: [1,3-butadiene] = 1:1), then a mixture of 2 and 1 (n = 2 ) is obtained ( 2 : 1 = 4:3). With n = 2,1 reacts further at room tempera ture to give 2 whereas with n -1 or 3, 1 is stable at this temperature.
In contrast to the reactions with 1,3-butadiene, the dippe-stabilized compound reacts with excess isoprene to give the (?;4 -l,3-diene)2 Fe-species 3 in high yield whereas the only product which could be isolated from the reaction with the dippp-stabilized system is the green, paramagnetic compound 4 (Scheme 2).
Compound 3 has been prepared previously by reacting (^3 -C3 H 5 )2 Fe(Pr'2PC2 H 4 PPr'2) with iso prene [2 ] , and although isomers are possible, de pending upon the mutual arrangement of the two diene molecules, the NMR-spectroscopic data indicate that only one is formed; this is assumed to have the structure shown in Scheme 2 in anal ogy to related phosphite-stabilized complexes [7] .
The two isomers o f piperylene behave differ ently (Scheme 3). ds-Piperylene reacts with both the dippe-and dippp-stabilized species to the ( rfpentadienyl)iron-hydride (5) whereas no reaction is observed in the presence of dippm. trans-Piperylene, in contrast, reacts with the dippe-stabilized species to give the (f/4 -l,3-diene)2 Fe-compound 6 . This difference in behaviour is attributed to the position adopted by the methyl group with respect to the metal atom in the intermediate (?/4 -l,3-diene)Fe-species and is reminiscent of the agostic in teraction between Me-group and iron atom which has been studied by N M R spectroscopy for [ ( t fl-fl/7 r/-MeC3 H 4 )F e (P (O R )3) 3]+ [11] . The N M R spectra of 5 are temperature dependent. At -80 °C two phosphorus signals are observed (126.3 and 109.9 ppm), while the 13C and ' H N M R spectra o f the 7/ 5-pentadienyl group consists of the expected five and seven signals, respectively. At 0 °C a rapid pairwise exchange occurs and the spectra simplify to one phosphorus signal (118.5 ppm), three carbon signals and four proton signals. This could be the result of either rotation or li-bration of the FeL2 H-fragment (eq. (2)) or o f the rearrangement of the //''-pentadienyl group through the intermediacy of rj3-and //' -bonded species in a manner similar to that discussed pre viously for the (?/5 -pentadienyl)(?7:,-pentadienyl)-FePR3 system [9] .
I 4
Pa----PB
, is the product o f an analogous reaction involving 2,4-hexadiene (as a mixture of three isomers). 7 is, however, more conveniently prepared from 1,5-hexadiene as discussed further below.
The product of the reaction of 2,3-dimethylbutadiene with both the dippe-and dippp-stabilized sy stems is the green, paramagnetic species (rj4-2,3-dimethylbutadiene)Fe(Pr'2 P (C H 2 )"PPr'2) ( n = 2,3). The latter has been reported previously to be the product of the reaction between (C H 2 :C H 2 ) 2 Fe(Pr'2 PC3 H 6 PPr'2) and the diene [10] , Both compounds are formed in good yield and have been identified by their elemental analy sis and mass spectra.
Reactions o f 1,4-dienes
The reactions of the Fe(Pr'2 P (C H 2 )"P P r'2 )-species (n -1 -3 ) with 1,4-dienes did not lead to the isolation of identifiable products. 1,4-Pentadiene reacts with the dippe-stabilized species to give a mixture o f at least four compounds ( 31P N M R ), while a reaction mixture containing dippp did not react below 0 °C, and above this thermal de composition occurred. Similar behaviour was ob served in all three cases for reactions involving 1,4-hexadiene.
Reactions o f 1,5-dienes
In contrast to 1,4-dienes, reactions with 1,5-hexadiene occurred smoothly and led to the for mation of a single organoiron compound in high yield. Here again, the structure o f the product is dependent upon the bidentate ligand: the product of the reaction involving dippe is the (^5 -l-methylpentadienyl)iron-hydride (7), while in the pres ence of dippp the paramagnetic (//2 ,//2 -l,5-hexadiene)iron-species (8 ) is formed (Scheme 4).
is also formed in the reaction of (?7'''-pentadienyl)F e(Pr'2 PC 3 H 6 PPr'2)H (5, n = 3) with 1,5-hexadiene as the product of the reductive coupling of the pentadienyl group and hydride atom followed by diene exchange.
The crystal structures of both 7 and 8 have been established by X-ray diffraction. The mo lecular structure of 7 is shown in Fig. 1 with selected bond distances and angles. The molecule can be thought of as an octahedral d6 iron com plex with the pentadienyl ligand occupying three coordination sites. The open face of the pen tadienyl ligand is arranged above P 2 , but this does not appear to have an electronic cause since the pentadienyl ligands in both (?/5 -l-ethylcyclohexadienyl)Fe(Pr'2 PC3 H 6 PPr'2)H and {rj5-cyclohexadienyl)Fe(Pr'2 PC3 H 6 PPr'2)H also have different orientations in the solid state [10] . The F e -H distance of 1.43(2) A is shorter than that found in neutron diffraction studies, e.g. 1.609(2) A for the polyhydrido complex FeH6 M g4 X 4 (T H F ) 8 [12] , so its position must be treated with caution. The H atom is situated, how ever, approximately trans to C l [ H -F e -C l 170.3(9)°]. The molecular structure of 8 is shown in Fig. 2 . Disorder prevents a detailed discussion of the structure but the analysis reveals that the Fe atom is tetrahedrally co-ordinated and that the hexadiene ligand can adopt both cisoid and transoid conformations on the metal. In both cases the double bonds line up approximately parallel to one F e -P direction when viewed towards the Fe atom, as is observed for the bis(ethylene) com plexes (/72 -C2 H 4 )2 Fe(Pr'2 PC3 H 6 PPr'2) [10] and (rj2- Fig. 1 . Molecular structure of ( rj5-\-syn, Me-pentadienyl) Fe(Pr'2PC2Fl4PPr'2)H (7) with selected bond distances (Ä ) and angles (°): F e -P l 2.171(1), F e-P2 2.187(1). F e -H 1.43 (2), F e -C l 2.177(1), F e-C 2 2.078 (1), F e-C 3 2.085(1), F e-C 4 2.069(1), F e-C 5 2.183(1), C 1 -C 2 1.406(2), C 2 -C 3 1.424(2), C 3 -C 4 1.413(2), C 4 -C 5 1.409(2), P 1 -C 7 1.855(1), P 2 -C 8 1.857(1), C 7 -C 8 1.526(2), P I -F e -P 2 88.2(1), P l -F e -H 75.9(9), P 2 -F e -H 86.3(9), C l-F e -C 5 82.4(1), C l -F e -H 170.3(9). (8) . The hexadiene molecule is dis ordered (C18a-C21a:C18b-C21b 70:30). Selected bond distances (A ) and angles (°) (Cm,n is the midpoint between the atoms Cm and Cn): F e -P l 2.280(1), F e-P2 2.291(1), F e-C 16 2.088(3). Fe-C17 2.089(3), F eC20a 2.081(4), Fe-C21a 2.118(4), C16-C17 1.388(4), C17-C18a 1.628(6), C18a-C19a 1.469(7). C19a-C20a 1.505(6), C20a-C21a 1.413(6), P l-F e -P 2 95.0(1), P 1 -F e -C 16.17 118,2(2), P 1-Fe-C20a,21a 111.3(2), P 2 -F e -C 16.17 115.1 (2 Gas chromatographic analysis of the solution after isolation o f 7 indicated that the excess 1,5-hexadiene had dimerized during the reaction, and further investigation showed that 7 catalyses the dimerization o f the diene at room temperature. The reaction is slow and only 18 cycles at room temperature were observed after 24 h. The prod uct mixture was separated by preparative GC and shown by N M R spectroscopy to consist of the four isomers 9 (15% ), 10 (55%), 11 (22% ) and 12 (8 % ) (see experimental section).
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The presence o f dippe is necessary to generate an active catalyst as shown by the fact that (?75 -pentadienyl) Fe PPr'2 )C l2 /active-Mg has only slight activity suggesting that side products or the MgCl2 formed suppress the reaction. Further work will be necessary before a plausible mechanism can be formulated.
Reactions o f cyclic dienes
Our investigations with cyclic dienes have been limited to examples involving 4-vinyl-l-cyclohexene and cyclohexadiene.
The dippe-and dippp-stabilized species react with vinylcyclohexene at -40 °C to give the (r]2,rj3-1-vinyl-3,4,5-cyclohexenyl)iron-hydride complexes 1 3 (e q . (3 )). ' 13 2 13 ( n -2) rearranges at -30 °C, presumably by a conventional hydride-addition/elimination pro cess, to give 2. The dippp-stabilized derivative (13, n -3) behaves differently and (although the dippp-analogue to 2 is a known compound whose crystal structure has been established by X-ray dif fraction [1 0 ]) decomposition to paramagnetic material is observed. In contrast, the dippm-stabilized species reacts with vinylcyclohexene to give
Analogous reactions with 1,4-cyclohexadiene led to the formation of (?/5 -cyclohexadienyl)Fe(Pr'2 P (C H 2 ),;PPr'2)H (n = 2,3) even at -78 °C. These species have been reported previously as the products of the reaction involving 1,3-cyclohexadiene, and the structure of the dippp-stabilized compound has been con firmed by an X-ray diffraction study [10] .
Discussion
The investigations described above (Schemes 2 -4 and eq. (3 )) indicate that small changes in the bidentate P-donor ligand can have a dramatic ef fect upon the course of reaction. The structure of the final product is apparently the result of the subtle interplay of a number o f effects which include differences in the geometry of the Fe(Pr'2 P (C H 2 )"PPr'2 )-fragment, the strength of the metal-diene interaction, and the proximity of H-atoms on the organic ligand to the metal. The H-transfer from diene to metal is o f considerable significance and, since some of the compounds are obvious candidates for molecular modelling, we are at present pursuing this approach and antici pate that it will provide us with a deeper mecha nistic insight.
Experimental Section
The general experimental conditions and instru mentation have been described in an earlier publi cation [2] . The IR spectra of the compounds de scribed below have been measured as KBr-discs and many show a medium absorption at 2030 cm-1 which is not present if the measurements are car ried out at low temperature. Since this absorption is observed irrespective of whether dippe or dippp is bonded to the iron atom, we suspect that it is associated with a rearrangement product involving the transfer of an H-atom from a P-bonded isopro pyl group to the metal atom. The compound is also the product of the reaction between (?72 ,?/2 -l,5 -hexadiene)Fe(Pr'2 PC3 H 6 PPr'2) and butadiene in diethyl ether at room tem perature. If the reaction is carried out by reacting an equimolar amount of butadiene, instead of excess, at 0 °C, then a 4:3 mixture (total yield 40%) of the above compound 2 and
(r]4-l,3-butadiene)2F ePPri2C 2H 4P P r i2 (1, n = 2) is formed. 1 ( n = 2 ) has been characterized by com parison of the spectroscopic data (31P N M R (d8-toluene, -30 °C): (3 64.5, 9.3, /(P,P) 22.0 Hz; !H N M R (d8 -toluene, -30 °C): d 4.3 (H-2), ca. 0.8-1.0 (H -l E), -1.1 (H -l Z ) with those for the related compounds containing Pr'2 PC3 H 6 PPr'2 (1, n = 3, see above) and Pr'2 PC H 2 PPr' 2 (1, n -1, see be low). Furthermore, NMR-spectroscopic evidence indicates that 1 (n = 2 ) rearranges to 2 at room temperature.
(rj4-l ,3 -C 4H 6) 2F eP P ri2C H 2P P ri2 (1, n = 1)
Prepared in an analogous manner to that de scribed above as a yellow compound in 60% yield by reacting Fe(Pr'2 P C H 2 PPr'2 )C l2 , active-Mg and excess butadiene at -40 °C. 
Reactions with isoprene
( i f -isoprene) 2F eP P ri2C 2H 4P P r i2 (3) This compound has been prepared as a yellow solid in 8 8 % yield by reacting Fe(Pr'2 PC2 H 4 PPr'2 )C l2 , active-Mg and excess iso prene in T H F at -30 °C. Details of the character ization have been reported in [2] . 'H N M R (d8-toluene, -30 °C): < 3 3.92 (H-3), 1.93 (2-Me), 0.87 (H -lE ), -1.
(H -4 Z ), -1.36 (H -1Z ).
( r/4-Iso p ren e)F e(P r'2P C 3H 6P P r i2) (4) Prepared as described above as a green solid in 17% yield by reacting Fe(Pr'2 PC3 H 6 PPr'2 )C l2 , active-Mg and excess isoprene in T H F at -30 °C. MS (90 °C): m/e 400 (M +), 332 (M +-C SH 8). IR (K B r): v 3010, 1180.
Reactions with piperylene
(tf-pentadienyl)Fe(PrJ2P C 2H 4P P r i2) H (5, n = 2) Prepared as described above in 42% yield as a yellow solid by reacting Fe(Pr'2 PC2 H 4 PPr/ 2 )C l2 active-Mg and ds-piperylene in T H F at -30 °C. Prepared in an analogous manner to the com pound described above from c/s-piperylene at -30 °C as a yellow solid in 63% yield. ( rj4-trans-Piperylene)2F ePPri2C 2H 4P P r i2 (6 ) Prepared as a yellow-brown oily solid in 27% yield as described above by reacting Fe(PrSPC2 H 4 PPr'2 )C l2 with active-Mg and excess piperylene ( trans.cis = 2:1) in T H F at -30 °C.
Satisfactory analytical data could not be obtained and the compound was identified by comparison of the spectroscopic data with those for (tj4-isoprene)2 FePPr'2 C2 H 4 PPr'2 and (?74 -fraA7s-piperylene)Fe(PM e3 ) 3 [4] The compound is more conveniently prepared by reacting 1,5-hexadiene and details of its charac terization are given below.
Reactions with 2,3-dimethylbutadiene ( t]4-2,3-dimethylbutadiene)Fe(Pri2P C 3H 6P P r i2)
Prepared as described above as a green solid in 44% yield by reacting 2,3-dimethylbuta-l,3-diene at -78 °C. The same compound is the product o f the reac tion between Fe(Pr'2 PC3 H 6 PPr'2 )C l2 and allylmagnesium chloride (1 :2) in T H F (yield 45%) as well as o f the reaction between (>7:> -pentadienyl)-Fe(PrSPC3 H 6 PPrS)H (5, n = 3) and 1,5-hexadiene (yield 60%).
( rj5-1 -Methylpentadienyl)Fe(PtJ2P C 2H 4P P r '2) H (7) Prepared as described above by reacting Fe(Pr,2 PC2 H 4 PPr'2 )C l2 with 1,5-hexadiene and active-Mg in T H F at -30 °C. The compound is iso lated as a yellow solid in 6 8 % yield. 
Catalytic dimerization o f 1,5-hexadiene
In a typical reaction (?/M-s>7 7 ,Me-pentadienyl)-Fe(Pr'2 PC2 H 4 PPr'2)H (7) and 1,5-hexadiene ( [Fe] : diene = 1 : 1 0 0 ) were reacted in /i-heptane at room temperature. Complete conversion corresponding to 18 catalytic cycles was reached after 24 h. The product mixture was shown by GC/MS [MS after hydrogenation: m/e 170 (M +)] to consist of four isomeric dimers in the ratio 15:55:22:8. The di mers were separated by preparative G C (53 m Dexil 410) and characterized by N M R spectroscopy. (>75 -Pentadienyl)Fe(Pr'2 PC 2 H 4 PPr'2)H (5, n = 2) and (?73 -C3 H 5 )2 Fe(Pr'2 PC2 H 4 PPr'2) were equally effective catalysts whereas Fe(Pr'2 PC2 H 4 PPr'2 )C l2/ active-Mg was only slightly active. The following compounds, among others, were inactive: ( )f -p e ntadienyl)Fe(PrSPC3 H 6 PPr'2)H (5, n = 3), ( 7/ 3 -2 -MeC3 H 4 )2 Fe(Pr'2 PC H 2 PPr'2), 11 12 FeCl2-/?THF (n = 1.375, 0.56 g, 2.478 mmol) and dippe (0.77 ml, 2.478 mmol) in T H F (40 ml) were stirred at room temperature, cooled to -78 °C and treated with 4-vinyl-l-cyclohexene (0.31 ml, 2.478 mmol) and active-Mg (60 mg, 2.5 mmol). The mix ture was stirred at -40 °C for 16 h to give a brown solution which was evaporated to dryness at -78 °C. The residue was extracted with pentane (3x30 ml) at -78° and the resulting yellow solu tion was evaporated to give the compound as a yellow solid. Yield 0.50 g (47%). In contrast to 13 (n = 2), the N M R spectroscopic samples react further upon raising the tempera ture to give paramagnetic material which was not investigated further. [15, 16] . Atomic positional parameters, including the hydride H atom, and equivalent isotropic ther mal parameters are given in Table I . [15, 16] , Atom ic positional parameters and equiv alent isotropic thermal parameters are given in Table II. 
